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Chapter I 	 -.,. 
1.1 Introduction. 
This chapter introduces the principles and theory 
used to interpret the results discussed in Chapters III and IV. This 
should also familiarize the reader with the nomenclature and 
conventions used throughout the text. 
As a starting point the bonding in diatomic halogens 
will be discussed in general terms. Two types of electronically excited 
states, Rydberg and ion-pair states will be discussed, as these form the 
basis of the subsequent discussion. Since many of these states are 
known to interact with each other a brief discussion will be given of 
the nature of such interactions and how these are manifested in 
spectra. The technique used to record the spectra presented, resonantly 
enhanced multiphoton ionization, will then be introduced to explain 
certain aspects of it that make it such a useful technique. Finally, 
supersonic jet-cooling will be discussed. 
1.2 Bonding in Diatomic Halogens. 
A useful point to begin a discussion of the electronic 
structure of a molecule is with the bonding. Since both molecules 
discussed in Chapters III and IV (12 and IBr respectively) are similar, the 
following discussion will be of a general nature, although specific 
points relating to either molecule will be raised where appropriate. 
Diatomic molecular orbitals (MO) are described 
using the method of linear combinations of atomic orbitals (LCAO), 
which as the name suggests gives a linear mixture of orbital 
contributions from each atom. In the case of the halogens each atom 
has five electrons in its outer (valence) p-orbital. When a homo- or 
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heteronudear halogen is formed the following MO's are generated and 
filled as indicated; 
Core: (ns) 2(nsa*) 2(np)2(np7r)4(npi*)4(npa*)o 	1.1 
Figure 1.1 represents the case of a homonuclear halogen where the 
orbitals from each atom are degenerate and contribute equally to the 
MO's. This confers on the molecule (and MO's) additional symmetry 
properties and each orbital is designated gerade (g) or ungerade (u ) in 
accord with usual conventions. Heteronuclear halogens do not have 
this point of symmetry and correspondingly do not have the g lu 
distinction, with the MO's dominated by one of the AO contributors. 
Eqn. 1.1 is a somewhat cumbersome means of 
discussing the MO's of the halogens. Rather than use this full 
expression the shorthand description of Mulliken [1] will henceforth be 
used. In brief the shorthand only deals with the np contributions to 
the MO's with the ground state electronic configuration given as 2440. 
The electronically excited states of diatomic halogens 
involve promotion of an electron from one of the occupied MO's to an 
unoccupied MO within or, outwith the 2440 configuration. These states 
can be categorised as one of three types of state according to their 
products on dissociation: valence states which dissociate to ground 
state atoms; ion-pair states which give pairs of oppositely charged ions 
and Rydberg states which give one ground and one Rydberg excited 
state atom. Broadly speaking they are found in the following energetic 
order: valence states - ion-pair states - Rydberg states. Considerable 
evidence exists to show that interactions between some of the states 
which usually, although not exclusively occurs at short r (where r is 
the internuclear seperation), can take place. A more detailed discussion 
will be given in the appropriate sections of Chapters III and IV. The 
valence states will not be discussed further as their involvement in the 
3 
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results presented is not our primary concern. 
1.3 Rydberg States. 
Rydberg states get their name from J.R. Rydberg [2] 
who derived an expression to characterize the position of a series of 
convergent lines in the spectra of alkali metal atoms. These lines, 
which we now refer to as a Rydberg series, arise from the promotion of 
a ground state electron to an orbital of higher principal quantum 
number W. Exciting electrons to orbitals of sucessively higher values 
of n (and thus more diffuse) gives the core more and more ionic 
character leading ultimately to ionization. Ionization logically forms 
the limit of a series, which has different values of n but the same value 
of 1 (eg. an ns or an np series). 
Some of the earliest spectroscopic work involved 
observations of such series, for example the work of Lyman [3] and 
Paschen [4] in which members of convergent series in atomic hydrogen 
were found. Both workers, and subsequent work by Bracket [5] and 
Pfund [6], showed that these series could be represented by 
mathematical expressions. However, it is now known that these series 
are specific cases of Rydberg's more general expression, since hydrogen 
is unique in having only one electron. The general form of the Rydberg 
formula is given in Eqn. 1.2 below and accounts for Rydberg series 
observed in both atomic and molecular species. 
uobs = I.P. - R/(n-8)2 	 1.2 
where I.P. is the ionization potential (limit of 
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Figure 1.1. A schematic of the bonding in a halogen molecule. 
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(R=1.09737x10- 7m-1), n is the principal quantum number of the 
member of the series and ö is a shielding coefficient known as the 
quantum defect. Often the quantity (n-ö), used for convienence, is 
referred to as the effective quantum number and is characteristic of a 
particular type of orbital. The quantum defect arises from the shielding 
of the Rydberg electron from the ionic core by the valence electrons. 
In the halogens the potential energy surfaces of the 
Rydberg states are not well studied and many are thought to be rapidly 
predissociated (see section 1.5.3). They are however believed to be 
similar to that of the ground state (ie. bound by the same amount) but 
obviously displaced to higher energies. The dominant configuration of 
the lowest energy states can be generalized as 2430+fllRyd. They possess 
more bonding character than the ground state as the electron has been 
removed from an anti-bonding to a non-bonding MO and hence they 
have slightly shorter re (where re is the equilibrium internuclear 
seperation) than the ground state. In a transition from the ground state 
to a Rydberg orbital one would therefore expect to see blue degraded 
rotational contours for unperturbed bands (see section 1.7.2). Figure 1.2 
shows an idealized Rydberg series for IBr converging on the lowest 
state of the ion. The potential used is the ground state potential suitably 
displaced. From this diagram it is clear that the Rydberg and ion-pair 
state potentials cross at short r and so one can expect to see interactions 
between these two type of states. 
Over the years various nomenclature systems have 
evolved to describe the Rydberg states of the halogens. These tend to 
have been borrowed from the early works of Venkateswarlu [71 and are 
of little value to the uninformed reader. A systematic nomenclature 
will be used throughout this thesis and is described as follows; the first 
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Figure 1.2 Potential energy curves for some of the known states of Mr. 
The ground state and ion-pair state potentials are based on RKR and 
Rittner functions from the literature, while those of the a6 and b6 
Rydberg states, X and A states of the ion are simply the ground state 
potentials displaced to appropriate energies and re. An 'idealised' 
Rydberg series has also been included. This is based on the a6 state with 









part gives the state to which the ion converges (refered to as 	the 
second gives the type of orbital occupied by the Rydberg electron (nl) 
and the final part gives the total angular momentum of the Rydberg 
electron (COtot). This can be generalized as follows [c]nl;cotot. 
Homonuclear halogen MO's are designated as g or u (see above) 
which adds a restriction to the accessible states. In a one-photon 
transition from the ground state (which is designated g) only np and 
nf orbitals have u symmetry and so only these can be accessed. 
Multiphoton excitation (see section 1.6) however gives access to other 
states and helps overcome this restriction. 
1.4 Ion-Pair States. 
One of the earliest observations of ion-pair states 
was by Teranin et a! [8] in which a ion-pair formation was observed 
using a very primitive mass spectrometer. They have been observed in 
many diatomic molecules over the years and several reviews exist 
charting such reports [see ref.9 for a review of the ion-pair states of the 
halogens]. They are of great interest due to their ionic nature 
particularly in the area of generation of laser light. They have been 
found to react with noble gases to give exciplexes which can give laser 
radiation (see ref. [91). 
Ion-pair states are characterized by their products at 
dissociation. All states of the halogens correlate in a diabatic 
approximation with the closed shell of the ground state ('So) anion and 
one of the states (3P2, 3p, 3P, 1 D2 or 1 S0 in order of increasing energy) of 
the cation [9]. When the anionic and cationic states combine they give 
rise to twenty ion-pair states, all with approximately the same re. These 
states order themselves into four tiers or clusters, depending on the 
products at dissociation. However the cationic states 3p0  and  3p1  lie at 
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approximately the same energy and combine to give a single tier [see 
ref.111. For the homonuclear halogens each state occurs with both g 
and u parity. Although the centre of symmetry is absent from the 
heteronuclear halogens the number of states remains the same as states 
arise from X -'- ,Y- as well as X-,Y. The introductions of Chapters III and 
IV summarize current information about the ion-pair states of 12 and 
IBr respectively. 
In general all ion-pair states of a molecule are bound 
by a similar amount; in the case of the halogens this is of the order of 
30000 cm-l. This similarity arises from the Coulombic nature of the 
attractive arm of the potentials, which are dominated by a -e 2 /r term, 
and are thus long range potentials. In relation to the ground state the re 
values of these states are substantially greater and all lie over a narrow 
range. Figure 1.2 shows the positions of the ion-pair states of IBr in 
relation to the valence and Rydberg states. A single representative ion-
pair state from each of the two lowest tiers has been included to avoid 
congestion of the diagram. Since the Te (the potential energy curve 
minimum) of states within a tier lie over a range of a few hundred 
recriprocal centimetres Figure 1.2 gives a good impression of where 
they lie on the energy ladder. 
Single photon transitions between the ground and 
ion-pair states are dominated by parallel transitions (An=0). Some 
transitions involving AL2>0 have been reported although the intensiies 
are much weaker than the An=O cases. From Figure 1.2 it can be seen 
that vertical transitions from the ground state in a one-photon 
experiment will terminate high up on the inner walls of the ion-pair 
states. This is the case for the halogens and examples are given in 
Chapters III and IV. Multiphoton techniques (in particular optical-
optical double resonance) have helped to overcome this problem and 
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extensive surveys (from low to high v) of the ion-pair states can be 
carried out by judicious choice of intermediate states. The results of 
these single and multiphoton experiments can be said to compliment 
each other. It can be said that multiphoton and single photon 
techniques compliment each other in regard to these studies. 
Although ion-pair states are better documented than 
Rydberg states the nomenclature used to describe them has evolved. 
The nomenclature convention given by Brand et al [101 will be used 
throughout. 
1.5 Interstate Interactions. 
From the preceding discussion it is clear that 
electronic states do not live in "splendid isolation", and once again 
Nature has proved a cruel mistress. Many states are known to interact 
with each other, to varying degrees. These interactions, will be 
discussed under three headings; homogeneous interactions, 
heterogeneous interactions and predissociation. 
1.5.1 Homogeneous Interactions. 
Consider two different potential energy curves, Ei(r) 
and E2(r), representing two distinct electronic states, as shown in Figure 
1.3(a) by the dashed curves, which cross each other at the point X. If the 
two states represented by the curves have the same symmetry, they can 
interact to give an avoided crossing in the region of X. The resultant 
potential energy are curves those shown as the solid lines. This is 
known as a homogeneous interaction and is manifested as irregular 
vibrational spacings in the region of the avoided crossing. 
10 
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E2(r) 
Figure 1.3. (a) The unperturbed potential energy curves Ei(r) and E2(r) 
(dashed lines) cross at the point X. If they have the same symmetry an 
avoided crossing can occur (homogeneous interaction) in the region of 
X and the resultant potentials are defined by the solid lines. If the states 
differ in angular momentum by one unit then the curves cross 
(heterogeneous interaction) and are defined by the dashed lines. 
Figure 1.3.(b) A bound state is crossed by an unbound state and interacts 
homogeneously or heterogenously, resulting in the molecule 
predissociating at an energy lower than expected. 
11 
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1.5.2 Heterogeneous Interactions. 
If we now assume that the potential energy curves, 
Ei (r) and E2(r) , represent states differing in orbital angular momentum 
(A) by one unit, the curves will cross and remain as Ei(r) and E2(r). 
However, heterogeneous interactions between certain rotational lines 
of the two states can occur and is manifested in the spectrum as 
irregular rotational structure in the crossing region. 
1.5.3 Predissociat ion. 
Predissocjatjon is the term used to describe the 
interaction between a bound state and an unbound (or repulsive) state 
that results in dissociation of the molecule at energies lower than 
expected for the bound state. The interaction can be either 
homogeneous or heterogeneous, and an example is shown in Figure 
1.3(b). This can appear in the spectrum as diffuse rotational and 
vibrational structure, or for strong interactions, the complete loss of 
rovibronic structure. 
1.6 Multiphoton Ionization. 
As early as 1931 Goppert-Mayer [12] developed a 
theory for multiphoton (MP) phenomena. It was to be another thirty 
years before Kaiser et al [13] reported the first observation of such a 
process, which required a high photon flux provided by the newly 
developed lasers. Since then a battery of high powered, tunable, 
commercial lasers covering wavelengths from the JR to the UV, have 
become available. Accompanying this has been the development of MP 
spectroscopy, and in particular multiphoton ionization (MPI) 
spectroscopy although this was not realised until 1977 [14]. 
12 
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MPI is a non-linear process that can be described as a 
method of ionizing an atom/molecule by the simultaneous absorption 
of more than one photon. To ionize a halogen molecule for example, 
using a single photon of radiation would require wavelengths of the 
order of 130 nm [15]. However using MPI longer wavelengths of light 
can also achieve the same result; n-photon ionization, n=2, 
nm, fl3, 	nm. The probability of an MPI process occurring 
under normal photon fluxes is quite low and indeed the cross-sections 
are usually very small [16]. To overcome this problem very intense 
light sources are required which can be provided by focusing the output 
of a high powered laser. 
Lambropoulos [16] has shown that the transition 
probability (We) of an n-photon process can be given as, 
Wn=Yn. In 	 1.3 
where an is the cross-section and I is the photon flux/intensity. Thus an 
n-photon process is dependent on the nth  power of the incident 
radiation and so any signal produced by such a process must be 
normalized appropriately. A more useful form of the expression in 
Eqn. 1.3 is obtained by taking the natural logarithms of each quantity to 
give Eqn. 1.4; 
lnW=1ncy +n..lnI 	 1.4 
If the transition probability is treated as being 
equivalent to the total ion yield , a plot of InW n versus ml should give 
a straight line with slope n, the order of the MP process. 
Figure 1.4 shows three different types of ionization 
and each will be discussed below. Figure 1.4(a) represents conventional 
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Figure 1.4(a). Direct single photon ionization; (b) non-resonant 




normally must travel to one of the few synchrotron radiation sources 
around the world. Further complications arise because oxygen 
absorption at ?<190 nm requires the evacuation of the beam path. 
Standard quartz optics do not transmit short wavelength light and 
more expensive LiF or MgF2 must be used. 
1.6.1 Non Resonant Multiphoton Ionization. 
A non resonant multiphoton ionization process is 
shown in Figure 1.4(b). Compared to single photon ionization it has 
the advantage that longer wavelengths of light can be used, avoiding 
the use of expensive optics and pumping equipment. Clearly the 
scheme shown does not populate any real (not an eigen state) state of 
the species and is thus referred to as non-resonant multiphoton 
ionization. Exciting a molecule or atom to higher energy, via non 
-resonant states, appears to contradict conventional teaching of 
absorption processes. However it can be understood in terms of the 
electric field of the incident n-photons simultaneously distorting the 
electric field of the species, and raising it to a higher energetic state. 
This process takes place via virtual states, marked as V in Figure 1.4(b). 
1.6.2 Resonantly Enhanced Multiphoton Ionization. 
If two of the photons in a multiphoton excitation 
process populate a resonant state of the species, as shown in Figure 
1.4(c), a large enhancement of the ionization is observed, compared to 
non-resonant ionization. This is known as (m+n) REMPI as it is 
resonantly enhanced MPI (in the case shown this would be (2+1) 
REMPI; two photons to the resonant state and one to ionize out of it. 
This was a major breakthrough by Dalby [14] as it allowed high energy 
states to be reached without the usual problems associated with the 
VUV. Apart from the practical advantages, the REMPI technique 
15 
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VUV. Apart from the practical advantages, the REMPI technique 
allows previously inaccessible states to be studied. Selection rules allow 
only certain transitions (eg. c=0,±1) for a single-photon transitions, 
but in n-photon transitions higher angular momentum states can be 
reached (eg. Lfl=O,±1,...,±n). For homonuclear halogens transitions to np 
and nf Rydberg orbitals are one-photon allowed from the gerade 
ground state because both are ungerade. (m+n) REMPI processes, for m 
an even number can access ns and nd orbitals, which are both gerade. 
(m+n) REMPI processes, for m an uneven number, can access one-
photon allowed states and states of higher angular momentum. 
1.6.3 Advances in use of the REMPI Technique. 
One of the major advantages of REMPI over 
conventional optical methods is the sensitivity of detection. The 
simplest form of detection involves measuring the change in current, 
accross two charged plates as a function of excitation wavelength. This 
method is very sensitive, although it lacks the discrimination of mass 
spectroscopic techniques. The coupling of REMPI and mass 
spectrometry has proved a powerful technique in trace analysis and the 
elucidation of the dynamics of the REMPI process. Further 
developments have included the use of supersonic jet-cooled samples, 
which can reduce considerably the congestion in a spectrum. 
1.7 Polarization Effects of REMPI. 
In 1972 McClain [17] showed that unlike single 
photon transitions, multiphoton transitions involving molecules are 
polarization dependent, as had been observed by Lambropolous in 
atomic transitions [18]. Exploiting this difference he showed that states 
could in part be assigned by "preparing" a system with the first photon, 
16 
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of known polarization, which could then undergo transitions to a 
particular final state, only by photons having certain polarizations. 
Bray et al [19] derived expressions for the absorption cross section of 
individual rotational lines, in linearly polarized and circularly 
polarized light, for a diatomic molecule. They found that the ratio of 
cross sections in linearly polarized and circularly polarized light (aii/a) 
was exactly two thirds for all branches of is=0,±1,±2 transitions, with 
the exception of the Q-branch of a sn=O transition. In this instance they 
found that the ratio (011/0cc) was J-dependent and could range from 
infinity (ie. no intensity in CP) to four. 
Clearly measurement of the polarization ratio 
(aii/occ) for a particular ro-vibronic transition could be useful for partial 
assignment of the symmetry of the band. However, it is not 
unambiguous and additional information is usually required. Often 
this information can be supplied by the study of the rotational contour 
of the band, assuming it is not perturbed. 
1.8 Rotational Contours. 
Transitions between two states are characterized by 
the rotational transitions involved. Multiphoton processes are no 
different, but as Ashfold has pointed out [20] the spectra become more 
congested as n (the order of the multiphoton process) increases. This 
congestion arises from the more generous selection rules associated 
with such a process, in particular AJ=0,±1,....,±n.  Thus in a (2+1) REMPI 
experiment we would expect O,P,Q,R and S rotational branches. 
Using expressions for the intensities of individual 
rotational transitions, similar to Bray et al [19], Dalby et al [14] 
sucessfully simulated the rotational contours of 12 for transitions 
17 
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data. Such rotational contours are quite distinctive with the branches 
being present in well defined ratios, as shown below. 
Transition 	Branch Ratio 
0: P: Q: R : S 
A2Og 3 : 0 :2+x: 0 : 3 
1:1:0:1:1 
1:4:6 :4:1 
where x is a positive value, and is dependent on the intermediate state. 
Thus, with sufficiently high resolution one should 
be able to record the rotational contour and match it to one of these 
distinctive contours. Using the expressions of Bray et al [19], 
simulations were carried out to aid assignment with the programme 
listed in Appendix A. 
1.9 Supersonic Jet-Cooling. 
By expanding an atomic gas from a region of high 
pressure into a vacuum, through an orifice with a diameter 
considerably greater than the mean free path, cooling is observed. This 
cooling arises from the conversion of random thermal motion into a 
flow, in a single direction. In terms of translational motion the 
temperature (and consequently the cooling) referred to above is defined 
by the width of the Maxwell-Boltzmann velocity distribution in one 
direction. Such an expansion is referred to as a supersonic expansion 
since the local speed of sound is very low although the speed of the 
atoms is often much greater than this [see ref. 21] in the laboratory 
frame. 
If a mixture of atomic and molecular gases are 
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expanded cooling of both gases is observed. Since molecules have 
additional degrees of freedom (vibrational and rotational) these too 
undergo, to varying degrees, cooling by two-body collisions with the 
atomic gas. The extent of cooling in the expansion usually follows the 
order Ttrans Trot<< T1b with Ttrans and Trot 1-10K and Tvb'-30-100K. 
This technique has proved very useful as rotational cooling 
considerably reduces the congestion found in some spectra [see ref. 22]. 
It should be noted that rotational constants obtained from jet-cooled 
spectra are less accurate than those from room temperature spectra, as 
the rotational terms depend on the second power (and higher powers if 
centrifugal distortion constants are included) of quantum numbers. 
Consequently, observations involving high J are capable of giving 
constants that fit the observed data better than those from jet-cooled 
experiments. 
Supersonic jets described above are termed 
continuous (or CW to use the analogy with lasers) as the high pressure 
gas is continually expanded into the vacuum. However if a pulsed 
nozzle (ie. one that opens and closes) is used an effectively higher 
pressure differential across the nozzle can be obtained. This can result 
in more efficient cooling due to the high jet density. It also reduces the 
tendency for condensation often observed with CW jets [see ref. 221. A 
further advantage of this type of cooling is that smaller quantities of 
sample gas are consumed. One of the earliest studies using such a 
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Chapter II 	 . - 
2.1 Introduction. 
A requirement of the multiphoton ionization 
process is an intense photon flux. This was produced by an excimer-
pumped dye laser system which generated tunable radiation over a 
wide wavelength range. The output was focused to a point between 
two electrodes, housed inside an ionization chamber. The current 
produced by ionization was amplified, fed into a gated integrator and 
boxcar averager and stored on a personal computer. Figure 2.1 shows 
schematically the experimental arrangement. Three types of ionization 
chamber were used enabling both room temperature, and jet cooled 
spectra to be recorded. Each of these will be discussed in the following 
sections. 
2.2 The Excimer Pumped Dye Laser System. 
A Lambda Physik EMG 201 MSC excimer laser, 
operating on the 308 nm (B1/2- X1) transition of XeC1 was used to 
pump a Lambda Physik FL 3002 E dye laser. The excimer laser delivered 
a short pulse of 25 nsec duration with an output of the order of 400 
mJ/pulse and was operated at a repetition rate of between 4-6 Hertz. 
The laser was triggered either internally, when a static cell and a 
continuous free jet expansion were used, or externally when a pulsed 
jet was used. 
The fundamental output of the dye laser was typically of 
15 nsec duration with an energy of up to 50 mJ/pulse. The bandwidth of 
the output was normally 0.2 cm-1, but could be reduced to 0.04 cm-1 by 
using an intra-cavity etalon. Using 308 nm as a pump source the 
fundamental wavelength range of commercially available dyes extends 
down to 335 nm (see Table 2.1). To achieve shorter wavelengths the 
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Figure 2.1. The basic experimental arrangement employed to record 




advantage of the non-linear optical materials such as potassium 
dihydrogen phosphate (KDP), and barium beta borate (BBO) crystals. To 
achieve tunability over the wide wavelength range 225-325 nm only 
two SHG crystals, Lambda Physik FL30 and FL37, were used. The 
efficiency of SHG at a particular wavelength is dependent on the angle 
between the incident beam and the surfaces of the crystal. A 
microcomputer in the dye laser allowed simultaneous scanning of the 
grating and the tilt of the SHG crystal over a wide spectral range. A 
change in the tilt angle of the SHG crystal can result in the output beam 
being displaced relative to the incident beam. To overcome beam 
displacement a compensator crystal (Lambda Physik FL 532 B) was 
employed. 
The second harmonic is buried in the fundamental 
beam and some form of frequency separating device was required. For 
the dyes covered by the KDP crystal a UG-5 filter was sufficient. 
However, a frequency separating device (Lambda Physik FL 35) was 
required for the BBO crystal. This consists of four quartz Pellin-Broca 
prisms which spatially select the UV from the fundamental with low 
losses and without beam displacement due to timing. 
The tunable output from the dye laser was focused 
between the electrodes in the ionization chamber. When rotational 
contours and absolute polarization ratios were recorded a 20 cm focal 
length lens was used to avoid saturation of the transition. In all other 
cases a 4 cm focal length lens was used. All dyes were supplied by 
Lambda Physik and made up to the manufacturers specifications. 
2.3 Sample Handling and Ionization Chambers. 
All samples studied were obtained commercially (12 and 




The dyes used, the wavelength ranges covered by each dye and the 
maximum of each dye. 
Dye 	Tuning Range/run ?max/nm 
p-Terphenyl 335-350 343 
DMQ 346-377 360 
QUT 368-402 390 
Coumarin 307 470-553 500 
Coumarin 153 522-600 540 
Rhodamine 6G 569-608 581 
Rhodamine B 538-644 600 
Rhodamine 101 614-672 623 
DCM 632-690 658 
W. 
Chapter II 
resublimed and de-gased. IBr was known to disproportionate and was 
mixed with Brace for the duration of each experiment to suppress the 
formation of 12. 
Three different configurations were used to house 
the samples during the course of an experiment. The simplest of these 
was the static cell experiment, where the samples were held at a 
constant pressure in the ionization chamber (12=0.2Torr, 
IBr/Br2=0.5/0.lTorr). The ionization chamber was a simple cylindrical 
glass cell with spectrosil quartz windows attached at both ends by 
halocarbon wax. Housed in the cell were two nickel electrodes 
(diameter = 1 cm) separated by 1 cm. A voltage of 180 Volts DC was 
applied across the electrodes to collect of the charged particles. 
In the other configurations the sample was stored 
outside the ionization chamber in a glass bulb. It was expanded into the 
chamber via a nozzle seeded in up to 2 atmospheres of argon. 12 and IBr 
were held at room temperature. The ionization chamber was a glass 
cell, fitted with tungsten electrodes 2 cm apart, with 180 Volts DC 
applied across them. The chamber was pumped by a 15 cm oil diffusion 
pump fitted with a liquid nitrogen cold trap backed by a rotary pump. 
The pumping system had a maximum speed of 1500 Is- 1 . 
The continuous jet was made from a glass capillary 
rod drawn while hot, to a very narrow diameter, cooled and then faced 
off. The orifice had a diameter of 30 gm and was placed in the chamber 
so that it protruded approximately 2 mm into the zone between the 
electrodes (see Figure 2.2a). 
The pulsed jet was generated by a General Valve 
Corporation Series 9 flange mounted pulsed valve with an orifice 
diameter of 250 gm driven by a General Valve Iota One driver unit. 
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The valve itself was a simple solenoid with a non-corroding teflon tip. 
Its open/closed time was controlled by the driver unit which also 
triggered a Farnell PG 102 pulse generator, an output from which 
triggered the excimer laser. A minimum open-time of 330 j.tsec was 
found to allow a proper jet to form and to get efficient cooling. The 
delay between the valve opening and the laser firing was controlled by 
the pulse generator. The nozzle was placed just in front of the 
electrodes ensuring that it did not touch the charged electrodes (see 
Figure 2.2b). Its position in the ionization chamber could be altered by 
three screws located on the back of the teflon flange mount. 
2.4 Calibration and Power Measurement. 
The (2+1) REMPI process is dependent on the square 
of the power of the incident radiation so it is important to record the 
relative power of the laser output as a function of wavelength. The 
output of the FL 3002 E was split in the ratio of 9:1 , with the smaller 
fraction directed on to a photodiode (see Figure 2.1). Saturation of the 
photodiode was avoided by placing neutral density filters in the beam 
path. 
Two methods of wavelength calibration were used. 
The first made use of the optogalvanic signal from a neon filled hollow 
cathode lamp. The signal was recorded as a function of wavelength and 
compared to the values quoted in the literature [see ref. 11. An 
advantage of this method of calibration is the sharpness of the peaks 
against essentially a noiseless background. However as shorter 
wavelengths were approached (below 335 nm), the optogalvanic 
spectrum is sparse. In these cases the fundamental output of the FL 3002 
E laser, before frequency doubling, was passed into a small cell 
containing a sample of 12 where the total fluorescence, from the B to X 
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Figure 2.2a. The ionization chamber used to house the pulsed nozzle. 
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tube. The band positions were again compared to those in the literature 
[see ref. 21. 
2.5 Signal Processing and Data Handling. 
The signal from the ionization chamber was 
amplified using an operational amplifier, with a maximum gain of 10 7 . 
The amplified ionization signal, the signal from the photodiode and 
the signal from the calibration cell were recorded in concert and 
processed by three channels on a Stanford Research Systems SR 250 
boxcar averager and gated integrator. The averaged analogue output 
was sent directly to a chart recorder (Kipp and Zonen BD 8) and also to 
a digitiser/ computer interface (SR 245). The digitised signal was 
recorded and stored on an IBM XT-PC using a modified SR 265 
(version 2.2) software package. This allowed for the simultaneous 
recording of up to three channels, the setting of wavelengths and the 
power normalisation of spectra. All spectra presented here were 
normalised to the .square of the measured laser power unless otherwise 
indicated. The normalised spectra were then downloaded to the local 
mainframe computer, EMAS (Edinburgh Multi Access System) and 
latterly to Castle (a UNIX system) where the spectra presented in the 
following chapters were prepared using UNIGRAPH. 
2.6 Beam Polarization. 
The output of the FL 3002 E is linearly polarized 
(vertically) whilst the SHG output was polarized horizontally. With 
some dyes polarization of the fundamental was not complete and 
ranged from 5:1 to 3:1, vertical to horizontal polarization. To improve 
this ratio to 10:1 a polarizer (Lambda Physik FL 50) was placed in the 
frequency doubled beam during polarization studies. 
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By passing the polarized output of the FL 3002 E 
through a Soleil-Babinet polarizer (Meles-Groit, Cat. No: 04 SBC 001) 
both linearly and circularly polarized light could be generated. This 
allowed the absolute polarization ratio of bands to be measured 
without the addition or removal of any optical elements. The polarizer 
was placed in the beam path before the focusing lens. It is made of 
Schlieren-free crystalline quartz and is housed in non-magnetic metal 
components. It has a spectral range from 250-3500 nm although 
polarization is wavelength dependent. As a result of this only short 
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The (2+1) Resonance Enhanced Multiphoton ionization 




As early as the 1930's 12 was studied theoretically by 
Mulliken [1]. Since then it has been the subject of many theoretical and 
spectroscopic studies. As discussed in Chapter I there are four tiers of ion- 
pair states dissociating to I+(3P2, Po, 1, 1D2, iSo) and I(15),  in ascending 
order of energy. Rather than attempt to give a full review of the work 
carried out on these states some information relating to these states is 
summarised in Table 3.1.1. 
The main area of interest in this chapter is the study 
of the Rydberg states of 12. Venkateswarlu [2] published the first 
systematic and high resolution study of the VUV absorption spectrum of 
12, in 1970. He claimed to have observed several np and nf Rydberg 
series converging on the lowest states (X-states) of the ion, thus obtaining 
the ionization potentials as 75814 cm-1 ( 2113,2) and 80895 cm-1 (2111,2). 
These values of the IP were remeasured by Higginson et al [3] and 
Kvaran et a! [4] who corrected them to 75095 cm- 1 and 80271 cm-1 
respectively. These values will be used throughout this chapter. In the 
work of Venkateswarlu the vibrational separations showed considerable 
variation within individual progressions suggesting the presence of 
perturbations. Above approximately 61000 cm-1 the rotational contours 
also showed some evidence of perturbations. This point will be discussed 
in more detail in the results section. 
In 1977 Dalby et al [5] published results of a study on 
the Rydberg states of 12 using the novel technique of resonance enhanced 
multiphoton ionization (REMPI); see the appropriate section of Chapter I 
for a discussion of this technique and its development. In this particular 
experiment two photons excited the molecule to a resonant (Rydberg) 
state and a further photon excited it to above the ionization limit. Since 




Spectroscopic information of the known ion-pair states of 12. 
State Te/cm- 1 COe/ cm - 1  Re/A References. 
f'Og+ 55409.6 97.12 3.88 8 
F'0U 51706.2 131.0 3.48 6,7 
H lu 48280.3 107.7 3.63 9 
G ig 47559.1 106.6 3.53 10 
F 0'- 47217.35 96.3 3.60 11 
g Og 47070 105.7 3.55 12 
f Og 47025.9 104.2 3.57 13 
ö 2u 41689 100.2 4.0 14,15 
y l u 41621.3 95.0 3.67 15 
E Og 41411.8 101.4 3.65 16 
D0U 41028.6 95.0 3.58 17,18 
0 ig 40821.0 105.0 3.61 19 
D'2g 40388.3 104.0 3.60 20,21 
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of gerade symmetry, due to selection rules. Based on the vibrational 
spacing, polarization data and a rotational contour analysis the state was 
assigned as a 6s Rydberg state, [ 2r11/2] c6s:l g . 
The following year Lehmann et al [22] carried out a 
similar study and observed the other spin orbit partner of the Dalby 
system, [2n3/2]c6s:2g. This system lies below the threshold for a (2+1) 
process and required at least one more photon to reach the ionization 
limit (ie. a (2+m) process, m2) [23,24]. More recently Dasari et al [231 
reassigned this state as the ig component, based on a rotational contour 
analysis. Zandee et al [24,25] added to the REMPI technique by recording 
spectra under collision-free conditions in a molecular beam passing 
through the ion source region of a quadrupole mass spectrometer. They 
repeated the work of Dalby et al and Lehmann et al and observed in both 
cases that the total ion signal recorded was composed of both molecular 
and atomic ions. The intensity distributions within progressions varied 
considerably depending on which ion was recorded. As a result they 
suggested that the rotational contour analysis of Dalby et al may have 
been incorrect, however more recent studies under high resolution 
conditions have confirmed Dalby's results [31]. 
In 1987 Miller [26]. reported yet another 6s Rydberg 
state. It was recorded as a very weak signal in a mass selective REMPI 
experiment, and was assigned as [ 2n1/2]c6s:0g. The low intensity was again 
attributed to the system lying below the (2+1) threshold. 
Following closely the work of Williamson et a! [27], 
Hoy et al [28] probed an ungerade Rydberg state of 12 using a (1+2+1) 
REMPI pumping scheme, via the B[3rio-'-] valence state. The R(0) 
Rydberg state, [ 2nhI21c6p:Ou, was found to be perturbed by the 
neighbouring F(0) ion-pair state. The local spectroscopic constants for 
both observed states were also evaluated. These results questioned those 
- 	36 
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of Venkateswarlu [2] and it is believed, in the light of information 
unavailable to Venkateswarlu [7-22], that the interpretation of Hoy et al 
is correct. 
Wu et al [29] recorded the mass analysed REMPI 
spectrum of 12 over the 64500-62000 cm-1 and 70000-67600 cm-1 ranges. 
They assigned four vibrational progressions all as members of nd 
Rydberg series. They based their assignments on united atom theory. 
This approach was rejected by Ridley et al [30] on the grounds that the 
electron would never see the ionic core as a unified atom when in a 
Rydberg orbital. The observed effective quantum numbers (see Chapter I) 
of the origins for the proposed states were also in disagreement with the 
assignments. 
The results presented on the following pages are a 
systematic survey of the (2+1) REMPI spectrum of 12, from threshold up 
to, and above the first IP. A re-interpretation of the results of Wu et al 
[291 will also be presented. 
3.2 Results and Discussion. 
3.2.1. General Features. 
The (2+1) REMPI spectrum of 12, normalised to the 
square of the laser power, over the range 75188-47961 cm-1 is shown in 
Figure 3.1. The spectrum is composed of Rydberg progressions and 
atomic iodine lines built upon a rising background. Figure 3.1 should be 
studied in two sections; in the upper portion the intensity of any band 
can be compared directly but in the lower portion each system was scaled 
to give a reasonable presentation. In particular the Lehmann system 
(centred on —48500 cm-1) was observed in a (2+2) process and so any 
direct intensity comparison with other bands is meaningless. Three 
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Figure 3.1. The (2+1) REMPI spectrum of 12 recorded using linearly polarized light (LP), over the range 75200-48000 
cm- 1 , normalized to the square of the laser intensity. The intensities of the bands in the upper section can be 
compared directly, but those in the lower cannot as each progression was seperately scaled for diagramatic 
purposes. Arrow (a) shows the first ionization limit at 75095 cm- 1 . Arrows (b) and (c) show the (2+1) ionization 
thresholds for the [2r11/2]c and [2n3/2]c cores rescectively. 
Chapter III 	 - 
ionization limits are marked in Figure 3.1; (a) [2113/2]g at the two-photon 
level, (b) [2r11/2]g and (c) [2fl3]g at the three-photon level. 
3.2.2. Assignment of Observed States. 
The origin of each state was assigned usually with the 
aid of hot bands, the spacing agreeing well with that of Luc [411 for the 
ground state. The assignment of the electronic states was based mainly 
on the effective quantum number (n-8) of the origin as described in 
Chapter I, but also on polarization information and rotational contour 
analysis. Ridley et al [30] showed that the quantum defect of an electron 
in a Rydberg orbital was almost identical regardless of whether the 
electron was associated with an atomic or molecular core, thus showing 
that (n-6) could be used to characterise a Rydberg state. Only ns and nd 
Rydberg states can be accessed from the ground state of 12 in a two-
photon process. From the spectrum of atomic iodine it was known that 
lies between 4.0 and 4.1 for an ns s-tate and between 2.2 and 2.5 for an nd 
state. Table 3.2.1 shows the effective quantum number associated with 
each origin for both cores with' full assignments where appropriate. In 
some cases, discussed below, the assignment of an origin, based only on 
the effective quantum number, was ambiguous and in these cases 
polarization information and rotational contour analysis proved useful. 
Table 3.2.2 gives the detailed vibronic assignment of the Rydberg states 
observed. 
In the upper portion of Figure 3.1 the background is 
seen to rise from approximately 62000 cm-1. At the one-photon level 
Tamres et al [32] observed a weak absorption beginning at 30000 cm- 1 and 
rising to a maximum at 37000 cm- 1 . This absorption terminates on one or 
more repulsive levels dissociating to give one ground state (2P3,2) and 
one excited state (2P 112) atom, or 'two excited state atoms. From the 
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Table 3.2.1. 
Assignments of the origins of the gerade Rydberg states observed in the 
(2+1) REMPI spectrum of 12. 
Band Origin (n-6) Assignment (n-8) Assignment 
,U/cm- , [3/2] n1(c) [1/2] n1(c) 
48426a 2.03 6s(1) 1.86 
53006b 2.23 2.01 6s(0) 
53562c 2.26 2.03 6s(1) 
58580 2.58 5d 2.25 
59695 2.67 5d(1) 2.31 
60316 2.73 5d 2.35 
62640 2.97 7s(2) 2.49 
63338 3.05 7s(1) 2.53 
64096 3.16 2.60 5d 
64708 . 3.25 2.66 5d 
65409 3.37 2.72 5d 
67992 3.93 2.99 7s(0) 
68273 4.01 3.02 7s(1) 
68338 4.03 8s(2) 3.03 
68670 4.13 8s(1) 3.08 
70772 5.04 9s(2) 3.40 
70929 5.13 9s(1) 3.43 
72176 6.13 10s(1) 3.68 
72920 7.11 11s(1) 3.86 
73811 9.25 4.12 8s(0) 
73941 9.76 4.13 8s(1) 





Detailed vibronic assignment of the gerade Rydberg states of 12. 
[a]n1(c) 	v I ,v 't 
0,2 0,1 0,0 1,0 2,0 3,0 	4,0 	5,0 
[3/2]5d 58155 58367 58580 58782 
[3/2]5d(1) 59273 59483 59695 59963 60178 60410 
[3/2]5d 60106 60316 60528 60752 
[3/2]7s(2) 62428 62640 63873 63107 63338 63568 63800 
[3/2]7s(1) 62910 63126 63338 63579 63812 64045 64271 64601 
[1/215d 64096 64278 
[1/2]5d 64708 64936 65155 
[1/2]5d 65409 65644 65878 
[1/2]7s(0) 67576 67778 67992 68215 68440 
[1/2]7s(1) 67844 68059 68273 68498 68719 68939 69169 69396 
[3/2]8s(2) 67909 68125 68338 68570 68807 69037 69268 
[3/2]8s(1) 68244 68459 68670 68905 69140 69369 69597 
[3/2]9s(2) 70560 70772 70960 71210 
[3/2]9s(1) 70710 70929 71160 71399 71647 
[3/2110s(1) 72176 72410 
[3/2]11s(1) 72920 73140 
[1/2]8s(0) 73595 73811 74034 74263 




Observed transitions of ground state iodine (2P0312). 
Dobs. (cm-1) 	uobs_i51it.(cm -1 ) 	upper state term 
ref. [47] 	 5s25p4np 
64904 0 6p 4PO5 
64989 -1 6p 4S03/2 
65644 0 6p 21305,2 
65670 0 6p 4D07/2 
65856 -1 6p 4p0112 
67062 0 6p 4P°3/2 
71494 -8 6p 2p0 
71814 -2 6p 2S0 112 
71976 -1 6p 4D03,2 
72530 +1 6p 41305/2 
72803 -4 6p 2D0312 
73052 -2 6p 2PO3/2  
73388 +1 6p 2D0 1,2 
74429 -2 7p 4DO5/2  
74966 0 7p 4pO5, 




Observed transitions of spin-orbit excited iodine atoms (2P0 112 ). 
Dobs. (cm-1 ) 	Dobsl)lit. (cm-') 



































upper state term 
5s25p4np 
6p 4P0 i/2 
6p 4p0,2 
6p 2S0 ,,2 
6p 4D°3/2 
6p 4DO5/2  
6p 2D03,2 
6p 3p0312 
6p 4D01/2  
7'p 2DO5/2  
7p 4po1 
7p 4PO3/2  
4f 505/2 
4f 603/2  
6p 2P03/2 




8p 2DO5/2  
8p 4p0312 
8p 2P01/2  
5f 13/2 















6obs. (CM- 1 ) 	 l)obsi)iit. (cm- 1) 	 upper state term 
ref. [47] 	 5s25p4np 
74820 	 0 	 7p 2D03,2 
74827 -1 7p 2PO3/2  











Table 3.2.3). This rising background may be caused by non-resonant 
ionization of the atomic species produced by dissociation at the one-
photon level. Although, the cross section for such a process would have 
to be sufficiently large to compete with the (2+1) REMPI of 12, which is 
clearly a facile process. The (2+1) REMPI of CH3I [34] was found to cut off 
sharply at approximately 64800 cm-1 and was replaced almost exclusively 
by atomic iodine transitions. The one-photon level coincides with 
absorption to the dissociative A-band where the extinction coefficient is 
known to be about twenty times greater than that of 12. Ridley et al [30] 
found no analogous rising background in the (2+1) REMPI of Br2 which 
may be due to Br2 not having any absorption at the one-photon level 
[33]. 
The rising background may alternatively be caused by 
absorption to high vibrational levels on the inner wall of one or more 
ion-pair states. Donovan et al [36] reported a rising background in the 
room temperature (2+1) REMPI spectrum of IBr (see also Chapter IV) 
although it was more structured than the background observed here. Jet-
cooling revealed the background in the IBr spectrum to be discrete 
vibrational levels, from both isotopomers, of the E(0) ion-pair state. It 
does seem strange not to find any evidence of the ion-pair states in the 
REMPI spectrum of 12 when in principle many of them should be 
accessible. 
Bray et al [37] derived expressions for the rotational line 
strengths in two-photon transitions for diatomic molecules. They 
predicted polarization ratios (LP/CP) of 2/3 for all branches with A=0, 
±1, and 2 except for the Q-branch of a Al2=0 transition. In this case the 
ratio was predicted to be J-dependent with a ratio ranging from infinity 
(no intensity in CP) to four. Figure 3.2 shows the well known Dalby 
system [51 in which the polarization ratio was as predicted. To higher 
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Figure 3.2. The (2+1) REMPI spectrum of 12 recorded over the range 55500-53100 cm- 1 , in both CF (upper) and LP 
(lower) showing the Dalby system [5], [211112]c6s;1g. 
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origins at 58580, 59695 and 60316 cm-' (see Figure 3.3). The assignment of 
these states all as [ 2rI3/2]5d was based on the effective quantum numbers 
of the origins (see Table 3.2.1). Further refinement of the assignments 
using polarization ratios was difficult as all bands had the same ratio 
(2/3), making assignment of a = Og, ig or 2g equally likely. A rotational 
contour analysis (see later) revealed badly perturbed contours for the 
systems with origins at 58580 and 60316 cm-1, while the (0,1) band 
associated with the 59695 cm-1 origin was shown to have c=1g. 
Above approximately 62000 cm-1, in the regions 
studied by Wu et al [29], unusual polarization properties were observed 
that disagreed with the predictions of Bray et al [37]. Figure 3.4 shows the 
(2+1) REMPI spectrum over the 66000-62400 cm-' range using both 
linearly polarized (LP, lower section) and circularly polarized (CP, upper 
section) light. From the LP spectrum an origin at 62640 cm-1 was readily 
assigned with a well developed although quite irregular progression. 
Wu et al assigned a single progression in this region but with the origin 
at 62440 cm-1. When both the LP and CP spectra were studied together 
the assignment of a single progression seemed less likely; the (3,0) band 
and higher vibrational levels were considerably weaker than lower 
levels in the CP spectrum. Hence, the strong band in the LP spectrum, 
appearing close to where the (3,0) band lies, was reassigned as the origin 
of a second progression. The effective quantum numbers of the origins 
suggested that both series had Rydberg electrons in 7s orbitals, with a 
[2113/2]g core. Ridley et al [30] showed that when the [ 2f13/2]g core angular 
momentum is coupled with the spin of an ns Rydberg electron it 
generates c=l g and 2g  states, with the 2g state lying below the 'g  state 
and hence the origins were assigned accordingly. The assignment of the 
states as ns disagreed with Wu et al who claimed that the "single" state 
was nd in nature. The effective quantum numbers of both origins (see 
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Figure 3.3. The (2+1) REMPI spectrum of 12 recorded over the range 60500-58000 cm- 1 , in both CP (upper) and LP 
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Figure 3.4. The (2+1) REMPI spectrum of 12 recorded over the range 66800-62300 cm-1, in both CP (upper) and LP 
(lower). 
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Wu et al. recorded three (2+1) REMPI spectra by 
separately collecting the total ion signal, the I2 and the I signals. They 
observed a variation in intensity between the I2 and 1+ spectra, 
resembling the variation observed between the CP and LP spectra 
presented here. The CP spectrum shown in Figure 3.4. resembles the I2 
spectrum of Wu et a!, where the weak bands were assigned as =1 g . 
Similar phenomena were observed to higher energies, as discussed 
below. 
Figure 3.5 shows the 70000-67500 cm-1 region of the 
(2+1) REMPI spectrum. Examination of the LP spectrum suggested the 
presence of threes progressions (cf, Wu et al [291) with origins at 67992, 
68273 and 68338 cm- 1 . In the CP spectrum the first and third progressions 
increased in intensity while that of the second dropped almost to zero. It 
appeared that beyond v'=2 of the first progression the Franck-Condon 
factors were negligible or that these levels were rapidly predissociated. 
Thus the bands observed in the LP spectrum beginning at 68670 cm-1, 
which could have been assigned as a continuation of this progression, 
may be members of a fourth. The effective quantum numbers of the four 
origins were assigned as [ 2r11/2]g7s and/or [ 2113/2]g 8s Rydberg states (see 
Table 3.2.1). Again the [ 2r13/2]g core generates ig and 2g states while the 
[2111/2]g core generates Og and ig states with the ig states lying above the 2g 
and Og states (see ref.[301). From the previous paragraph, the bands that 
lost intensity in CF light were assigned as c=i g states; one assigned as 
[2 112]g7s and the other assigned as [ 2f13/2IJg8s with the 8s system lying 
above the 7s system. The Og  and  2g states were assigned as shown in Table 
3.3.1. The assignment by Wu et al of three nd Rydberg states in this 
region was again incompatible with the observed effective quantum 
numbers. 
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The (2+1) REMPI spectrum of 12 recorded over the range 70000-67500 cm- 1 , in both CP (upper) and LP 
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Since the polarization ratios observed in Figures 3.4, 
3.5 and 3.6 did not agree with the predictions of Bray et al [37] some factor 
not included in their model must be at work in these regions. Other 
studies have also shown dramatic changes in polarization ratios. In the 
(2+1) REMPI spectrum of CH3CHO [38] ratios between 0.09 and 0.77 were 
observed, although these results were complicated by the spectra being 
recorded using low power pulses. Bucksbaum et al [39] and Hippler et al 
[40] have shown that the yield for non-resonant ion formation in atoms 
can be dramatically smaller with CP light compared to LP light. In the 
regions above 62000 cm-1 of the (2+1) REMPI spectrum of 12 (see Figures 
3.4 and 3.5) it was shown that the LP spectra were similar to the 1+ 
spectra of Wu et al [29], suggesting that the signal recorded was 
predominantly atomic. For this to occur the molecules may be excited to 
a ig Rydberg state which is crossed by a repulsive state, causing 
dissociation. The atoms thus produced could then be non-resonantly 
ionized in a subsequent three-photon step. For this proposed pathway to 
be correct both the Og and 2g Rydberg states would have to be 
unperturbed by the repulsive state. 
Theory predicts that there are up to twelve and eight 
nd Rydberg states for each value of n, associated with the [3/2] and [1/2], 
cores respectively. Thus unambiguous assignment of the Q value of a 
state, based solely on the effective quantum number is difficult, and 
unreliable. Comparison of the spectra of the 5d Rydberg states (see 
Figures 3.3, 3.4 and 3.6) in CP and LP showed a variation in intensity 
similar to that observed with the ns Rydberg states. Thus, assuming that 
a similar process to the one described above occurs with the nd states as 
well as the ns states, any nd state above 62000 cm-' that lost most of it's 
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Figure 3.6. The (2+1) REMFI spectrum of 12 recorded over the range 752000-69000 cm-1, in both CF (upper) and LP 
(lower). 
Chapter III 
3.2.3. Rotational Contour Data. 
Rotational contours are a useful means of analysis, 
particularly in two-photon spectroscopy. Transitions with different 
values of MI are characterised by different contours. For 12 the overall 
contours of a Rydberg state are expected to be blue (or violet) degraded 
since transitions to these states involve the transfer of a weakly anti-
bonding electron to a non-bonding, diffuse orbital. This gives the 
molecule more bonding character (ie. a smaller re) with 0, P and Q 
branches forming heads (see Chapter D. 
Dalby et al [5] and Dasari et al [23] used expressions 
(similar to those of Bray et al [371) to simulate the rotational contours in a 
two-photon transition. Using a similar simulation program (see 
Appendix A) the rotational contours in Figure 3.7 were simulated (with 
a FWHM of 0.2 cm-9, representing the general appearance of contours 
for transitions to states with cI=O g , ig  and 2g. It was found however that 
contours were often perturbed (see above) and seldom fit any of these 
three categories. The Dalby system (see Figure 3.2) was a model system in 
which it proved quite simple to simulate the general features of the 
rotational contour of the (0,0) band (see Figure 3.8a). In our simulation 
the molecular constants of Luc [401 were used for the ground state. The 
following details were noted; the two sharp peaks to the red were due to 
the 0 and P branches forming heads. The separation between the 0 and P 
branch heads was dependent on the value of B while the value of D 
determined the prominent 'beat' structure. What appeared to be 
individual rotational lines in Figures 3.7 and 3.8 were in fact due to 
several branches overlapping. The 0,P,Q,R,S branches had a predicted 
ration of 1:1:0:1:1 for a state with i=i g although the Q-branch was still 
found to have some intensity. Figure 3.8c shows the rotational contour 
of the (0,1) band from the [ 2fl3/2]c5d;l g Rydberg state. Clearly, like the 
Dalby system this contour was found to be free from perturbations, thus 
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Relative Position 
Figure 3.7. Simulated rotational contours for three different ns Rydberg 
states of 12 (c= Og, ig, and 2g) in a two-photon transition from the gerade 
(Og ) ground state. The programme given in Appendix A was used to 









45 	 35 	 25 	 15 	 5 













45 	 35 	 25 	 15 	 5 
Rel. Position /cm 
Figure 3.8. (a) The (0,0) band of the Dalby system, [2rIt] c6s:1 g. (b) an 
example of a perturbed rotational contour; the (0,0) band of one of the 
[2n3,2] C5d Rydberg states. (c) the (0,1) band of a [2n3]c5d:1 g Rydberg state. 
- 
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enabling the use of this method. Figure 3.8b shows the perturbed 
rotational contour of the (0,0) band from one of the [ 2n3/21 ,-5d states. No 
band head was evident and simulation of the contour was not possible. 
This example represented a 'worst-case' of the perturbed contours 
observed as some were found not to be quite so bad, although simulation 
was still impossible using the program in Appendix A. 
Table 3.2.4 summarises the molecular constants 
obtained from the rotational contour analysis. As the program was 
written to simulate the overall contour and not as a statistical fitting 
program the constants are of a first order nature. For comparison, the 
constants for the ground state [411 and the results from references [5] and 
[281 are included. More recently Hausheng et al [31] have published a 
high resolution analysis of the (0,1) band from the Dalby system. The 
value of Bv obtained above agrees reasonably well with these new 
results. 
3.2.4. Observation of Ion-Pair Structure. 
When earlier discussing the rising background above 
62000 cm- 1  the possible effect of ion-pair states on the REMPI spectrum 
was mentioned. The absorption spectra in the VUV region of the 
halogens, 12 [42], Br2 [43], IBr [44] and ICI [45],  all show to varying degrees 
transitions to both Rydberg and ion-pair states. However the (2+1) 
REMPI spectrum of Br2 [30] shows exclusively Rydberg states while those 
of IBr and IC1[36,46] show both Rydberg and ion-pair states. Donovan et 
a! (see ref. [361 and Chapter IV) accounted for the difference between the 
REMPI spectra of homo- and heteronuclear halogens on the basis of the 
u/g selection rule, and the states to which it restricted access. This point 
will not be discussed further until Chapter IV. However, evidence now 





Molecular constants for the ground state and Rydberg states of 12. 
State Te+G,=o B=o Dv=ox10 9 Reference. 
cm-1 cm-' cm- 1 
X(Og +) 106.6503 0.0373 4.5773 [41] 
R(0) 61769.73 0.0382 5.0 [28] 
3/2(1 g) 53683.46 0.0403 - [5] 
53697.2 0.0432 8.75 this work 
- 0.04030* 3.00 [31] 
* Error given as +0.00003 cm-1, ref. [31]. 
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Figure 3.9. The (2+1) REMPI spectrum of 12 recorded in a free jet expansion (upper) and at room temperature 
(lower). What appeared in the room temperature spectrum to be perturbed vibrational levels of a 5d Rydberg state 
was revealed to be composed of high vibrational levels of an ion-pair state. 
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Figure 3.9 shows one of the [2H3]c5d Rydberg states 
recorded at room temperature (lower portion) and also in a free jet 
expansion (upper portion). From the jet-cooled results it is clear that 
what were previously believed to be perturbed vibrational levels of a 
Rydberg state are in fact closely spaced vibrational levels of an ion-pair 
state. The transition from the grqund state to the ion-pair state appears to 
terminate high up the vibrational manifold, on the inner wall of the ion-
pair state where it overlaps with the Rydberg state. The transition to the 
ion-pair state appeared to have no intensity of its own as it was only 
observed when the transition was enhanced by the presence of 
vibrational levels of the neighbouring Rydberg state. On an energetic 
scale, and also due to the small vibrational spacing, the region in which 
the crossing occurred suggested that the ion-pair state involved was from 
the first tier (1('So) + I( 3P2)). The vibrational levels of the E(O g+) state (as 
observed in a (1+1) double resonance experiment) appeared to fit quite 
well in the region v'=290-297 however discrepancies to higher energy 
ruled this out (see Table 3.2.5). This suggested that either the P(1 g) or 
D'(2g) states, both of which are allowed on symmetry grounds, must be 
the ion-pair state involved. As these results were of a preliminary nature 
no further conclusions could be drawn. 
3.3 Conclusion. 
In summary, the room temperature (2+1) REMPI 
spectrum of 12, from below threshold to above the first ionization limit 
was recorded. It was found to be dominated by transitions to ns and nd 
Rydberg states associated with both ionic cores. In all, twelve states were 
observed; six were based on the [c}5d configuration and the remainder 
belonged to ns series, with n=7-11. Six states previously assigned as 
belonging to nd series were reassigned to ns series. Anomalous 
polarization ratios proved useful in distinguishing states with c=l g from 




Vibrational levels of the observed ion-pair state in the region of one of 
the [2n3,2]c5d Rydberg states, compared to the known levels of the 
E(0g )state. The disagreement between the two sets of data suggests that 
the observed state is one of the other ion pair states from the same tier. 
Uobs. (cm') 	 v'E(0g ) 	uobs 1it(cm1)* 
58450 290 +3 
58467 291 - 
58507 '292 -2 
58538 293 - 
58567 294 0 
58598 295 0 
58627 296 -1 
58655 297 -3 
58680 298 - 
58802 302 -4 
58827 303 -10 
58853 304 -12 
58877 305 -16 
58901 306 -22 
58924 307 -13 
58944 308 +7 
* Recent results from this laboratory have extended 
the vibrational numbering of the E-state above v=300 and it is to these 
values that lit refers to. 
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level was suggested as the cause. A rotational contour analysis proved 
useful to unambiguously assign one state and to confirm the assignment 
of the Dalby system. Most states had contours sufficiently perturbed to 
render this method invalid to aid assignment. Some evidence was found 
for the presence of an ion-pair state interacting with a Rydberg state in jet-
cooled experiments although the unambiguous assignment of the ion-
pair state involved was not possible with these results. 
Further work will have to be carried out to answer 
some unresolved problems. The use of jet-cooling has already proved 
useful in resolving ion-pair structure and may aid the identification of 
the rising background observed above 62000 cm-l. Mass analysis, coupled 
with jet-cooling would be valuable in identifying the species generating 
the ion signal and could help give more information about the cause of 
the peculiar polarization effects observed. 
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As discussed in Chapter I the heteronuclear 
halogens do not have a centre of symmetry and so the u/g parity is 
dropped from the. designation of states. This allows different states to be 
accessed and enables a very interesting comparison between the 
homonuclear and heteronuclear halogens. 
In this chapter the two-photon spectrum of Mr, in 
the region 55500-70000 cm- 1 , will be discussed (Fig. 4.1). The (2+1) 
REMPI spectrum was recorded both at room temperature, in a static cell 
and in a free jet expansion. The results will be discussed in relation to 
previously published work, chiefly in relation to 12 and IC1. 
Compared to 12, IBr presents some experimental 
difficulties. IBr has two isotopomers, I7913r and 181Br  in the ratio of 1:1 
[1]. IBr tends also to disproportionate to give 12 and Br2 and so, to 
suppress 12, it must be kept in equilibrium with excess Br2, to push the 
equilibrium towards Mr. This can cause some difficulties particularly 
with the absorption spectrum, as Br2 absorption can hide some features 
of the IBr spectrum below 160 nm. The equivalent absorption by C12 in 
the ICI spectrum only interferes below 140 nm. 
The discussion in this chapter will again involve 
ion-pair and Rydberg states. Theory predicts that there will be several 
Rydberg series converging on the lowest states of the ion, 2fl3/2 (78962 
cm- 1 ) and 2fl1/2 (83800 cm- 1 ) [2,3]. The np Rydberg series of IBr can be 
accessed in single photon transitions, and was observed along with 
several ns and nd series by Cordes et al [4], Haranath et al [5] and 
Donovan et al [6].  Venkateswarlu [7] studied 12, Br2 and ICI in 
M. 
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absorption, and his nomenclature adopted to discuss Mr. 
The first tier of ion-pair states dissociate to give 
ground state ions, Br(lSo) and I( 3P2). They form a triad of states 
namely the E(0), (1) and D'(2) states. The ion-pair states of the 
homonuclear halogens were probed, via the B valence state, using the 
optical-optical double resonance technique. However, since the B [8] 
state of IBr is known to be predissociated above v'= 3 the OODR 
technique proved somewhat more difficult to use in this case. 
Nevertheless sufficient levels have been found that the E(0) state can 
be probed using this method [9,10]. Using the X - A -+ p sequence 
Brand et a! [33] accessed and studied the (1) state while Gao et al [11] 
and Diegelmann et al [12] have recorded the D'(2) to A'(2) emission in 
a high pressure discharge system. The second tier of ion-pair states 
dissociates to give Br('So) and I(3Pi,o). They also form a triad of states 
but only two of these have been reported, the f(0) and the G(1) states 
by Brand et al [13,14]. Table 4.1.1 summarises the information available 
about the ion-pair states of Mr. 
The discussion that now follows is of a more 
detailed nature but will be helpful in interpreting the results of the 
following sections. We will begin by looking at the work of Yencha et al 
[15] in which the VUV absorption (150-200 nm) , the fluorescence 
excitation (150-200 nm) and the dispersed fluorescence spectra of IBr 
were reported. The absorption spectrum showed both Rydberg and ion-
pair structure and was similar in appearance to the analogous spectra of 
12 [16], ICI [17], Br2 [18] and BrC1 [19]. 
In the long wavelength region (185-195 nm) of the 
absorption spectrum of IBr a discrete progression is observed. It is 
known as the a6(1) Rydberg state and is assigned [2fl3/2]c6s:n1. This state 
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Table 4.1.1 
A summary of the molecular constants for the ion pair states of Mr. 
State Te/cm-1 	ae/cm-' 	re/A Reference 
G(1) 45996.0 128.5 3.363 14 
f(O+) 45382.6 128.8 3.394 13 
(1) 39507.8 122.1 3.434 33 
E(0+) 39487.8 119.4 3.407 13,33 
D'(2) 39480.0 122.7 3.46 11 
9111 
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This state is known to be predissociated [21] and is analogous to the 
system observed in ICI; by Venkateswarlu [7]. To shorter wavelengths, 
this is followed by more discrete bands built upon a quasi-continuous 
rising background. This discrete system was assigned as the spin-orbit 
partner of the previous system, and is known as the b6(1) Rydberg state, 
[2r1112]c65 : iii. Although the c2=0+ component of this system is allowed 
in a single photon transition it has not been seen in absorption and is 
clearly very weak. The discrete bands to still shorter wavelengths are 
again Rydberg in nature and are in fact both spin-orbit partners of the 
lowest (n=6) np series. They have been assigned as c6[ 2n3/2]c6p:ni and 
h6[2rIi,2] C6p:nl respectively. Again the c2=0+ component of the C6 and 
h6 system has not been reported. 
The quasi-continuous rising background, upon 
which the b6 and C6 Rydberg states lie is seen to rise to a maximum at 
165 nm and cut off quite sharply between 163-164 nm. Based on the 
information from the absorption and the dispersed fluorescence spectra 
this was assigned as the c=O state from the first tier of ion-pair states. 
This is known as the E(0) state, using the nomenclature of Brand et al 
[13,14]. The quasi-continuum is made up of closely spaced vibrational 
levels that are not resolved at room temperature. The unresolved 
profile of the analogous system in IC! was simulated by Lawley et a! [17] 
who found that the observed spectrum could be fitted to excitations out 
of v"=O,l and 2. In isolation, the absorption spectrum appears to be 
quite straight forward to analyse, however, when studied with the 
fluorescence excitation spectrum some questions are raised. Whereas 
in absorption the quasi-continuum extends over 160-185 nm, the 
fluorescence excitation continuum is observed between 178-198 nm. 
Several regularly spaced 'dips' are observed in this quasi-continuum 
which is followed, at shorter wavelengths (between 179-165 nm), by 
several discrete though irregularly spaced bands. Figure 4.1 compares 
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the room temperature absorption and fluorescence excitation spectra, 
recorded by Yencha et a! [15]. It was found that some of the 'dips' could 
be accounted for by strong absorption by the sample (ie. optical 
thickness) though others had a different origin. Since the separation of 
the bands in the 179-188 nm region was comparable to that observed in 
Rydberg series, it was suggested that they were due to an interaction 
between the E(0) state and one of the components of the a6 state which 
in turn is predissociated by a repulsive valence state. For the mixing to 
occur, heterogeneous coupling between the E(0) and the a (1), or 
a (2), state must be invoked. It was believed that the a6(2) state was the 
'doorway' between the ion-pair and the repulsive state as the spacing 
between the dips was considerably lower than the vibrational spacing 
observed in the a6(1) state. In their study of ICI Lawley et al [17] 
suggested that the a6(1) state, rather than the a6(2) state, mixed with the 
E(O+) as had been suggested by the study on Mr. 
Lawley et al [17] identified the 'dips', observed in the 
174-182 nm region of the IC1 spectrum as being due to three different 
processes ; optical thickness of the sample and two different 'doorway' 
states causing the E(O+) state to predissociate. The dips due to optical 
thickness correspond to the b6 (111) Rydberg state. Some of the other 
dips are due to a continuation of the a (Hi) state, acting as a 'doorway' 
at higher energy. The remaining dips were attributed to the b'6 (110+) 
state which was not observed in absorption. Homogeneous coupling 
between the E(0+) and the b'6 (no+) states, causes the collapse of the 
fluorescence in the region below 177 nm. 
In the fluorescence excitation spectrum of Mr, 
between 162-176 nm, discrete though irregular structure was observed 
corresponding exactly with the troughs in the absorption spectrum. 
Lipson et al [22] also studied this region. Using VUV generated by a 
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Figure 4.1. The fluorescence excitation (upper) and absorption (lower) spectra of IBr recorded using synchrotron 
radiation (Yencha et al [151). 
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four wave mixing technique, coupled with jet-cooling, they studied the 
fluorescence excitation spectrum over the range 173.6-163.7 nm. Using 
appropriate fitting techniques, the vibrational levels of the E(O+) ion-
pair state were assigned over the range v'=260-383, with the 
corresponding molecular constants also derived. 
4.2 Results and Discussion. 
4.2.1. General Features. 
The (2+1) REMPI spectrum of IBr was recorded at 
room temperature with linearly polarized light (LP), between 55500 and 
70000 cm- 1 (see Figure 4.2), and with circularly polarized light (CP), 
between 60000 and 68500 cm- 1 , although the CP spectrum is not shown 
here). Several Rydberg states (eg. b6) were observed but, the spectra 
were dominated by a quasi-continuous rising background beginning at 
approximately 58000 cm-1. Jet-cooling of this region revealed the 
background to be composed of discrete vibrational levels-of the E(0+) 
ion-pair state. The background was punctuated by several dips and was 
followed to higher energy by some very intense bands (62500-64000 cm 
-1). The spacing of these bands was reminiscent of a Rydberg state 
although quite irregular, with no progression being well developed. 
Recording the spectrum in this region with CP showed dramatic 
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Figure 4.2. The (2+1) REMPI spectrum of Mr, recorded over the range 70000-55500 cm- 1 with linearly polarized 
light, at room temperature at resolution of 0.2 cm-1. 
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4.2.2. The b6 and b6' Rydberg states. 
The lowest energy systems, observed between 55000 
and 58000 cm-1, were Rydberg in nature and are shown in Figure 4.3. 
The positions of the strongest bands agreed with those of the known b6 
Rydberg state [15], and were assigned accordingly (see Table 4.2.1). 
Theory predicts that coupling the angular momentum vectors of an ns 
Rydberg electron with a [ 2n1/2]c core generates two states, with a= 0 
and 1. The a= 0 component has not been previously seen although the 
effect of its presence on other states has been reported. Figure 4.3a 
shows the room temperature REMPI spectrum of IBr in the region of 
the b6 Rydberg state. To higher energy is the background due to the 
E(0+) ion-pair state, while to lower energy a very weak progression is 
also present. By studying this region of the REMPI spectrum in a free 
jet expansion the weaker system becomes more apparent. Figure 4.3c 
shows the jet-cooled spectrum with 0.6 atmospheres of Ar, backing 
pressure, and Figure 4.3b shows the same spectrum with 1.7 
atmospheres of Ar. The two progressions are clearly separated due to 
the enhanced cooling. The weaker system, with its origin at 55806 cm-1 
was assigned as [2rI1,2]6s:0+ and labelled the b6' state by analogy with 
Id. The system may be weak because the third photon in the (2+1) 
process has barely enough energy to reach the [ 2rI1/2]c core ionization 
limit, which is arrowed in Figure 4.3. The low intensity of the system 
suggested that it may be rapidly predissociated. The band positions of 
the observed vibrational levels are given in Table 4.2.1. 
4.2.3. Analysis Of The E(0) Ion-Pair State. 
To the high energy side of the b6 Rydberg state the 
background rose dramatically from approximately 58300 cm-1 (see 
75 
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I 	 1 	 I 
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X 1 d Two-Photon Energy cm 4 
Figure 4.3. The (2+1) REMPI spectrum of IBr recorded over the range 
58000-55500 cm-1, at room temperature (a) and in a free jet expansion 
with 1.7 atmospheres (b) and 0.6 atmospheres (c) backing pressure of 

































Vibrational progressions observed for the b6 and the b6' Rydberg 
states. Estimated error in peak position ±2 cm-1 
v' ,v" 	b6(rIl) 	 bo'(Ho+) 
:FS/an-I i/cm-1 	/cm-' 	A,/cm-1 
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Figure 4.4). Several 'dips' were observed in the rising background most 
notably between 58300 and 62500 cm-1. The spacing between the dips 
(see Table 4.2.2) was similar to the vibrational spacing of a Rydberg state 
suggesting that the dips were caused by some ion-pair/Rydberg 
interaction, possibly a homogeneous interaction. For a loss of intensity 
to occur in the regions of vibrational overlap, the Rydberg state itself 
must be predissociated by some repulsive state. Effectively, the Rydberg 
state acts as a doorway between the ion-pair and repulsive states, 
causing the observed loss of intensity. This is in agreement with the 
work of Yencha et al [151; they saw a similar, though more dramatic 
effect in the fluorescence excitation spectrum of IBr ( see also ICI ref. 
17). The Rydberg state acting as the doorway state was identified as the 
b6' state, [2nh/21c6s:0+, by analogy with ICI [17, 34].  By extrapolation of the 
observed vibrational levels of the b6' state in Table 4.2.1 the 'dips' can 
be shown to arise from particular levels of the b6' state, shown in Table 
4.2.2. Figure 4.5 shows the relevant parts of the fluorescence excitation 
and REMPI spectra. 
Jet-cooling of the IBr sample revealed the 
background to be composed of discrete bands, readily assignable as 
members of an extended vibrational progression in the E(0+) ion-pair 
state (see Figure 4.6). Transitions involving both I79Br and I81Br were 
distinguishable due to the large shift between the two isotopomers at 
high v. Unlike the jet-cooled fluorescence excitation study by Lipson et 
al [22] all vibrational levels were observed demonstrating that in this 
instance the REMPI technique is less sensitive to predissociation. The 
band positions of the E(0+) state observed here agree well with those of 
Lipson et al [22] (see Table 4.2.3, where for brevity not all values are 
presented) and were extended to slightly higher values of v' 
(v'max390). Some bands observed in this region could not be assigned 
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Figure 4.4. The (2+1) REMPI spectrum of IBr recorded over the range 62200-55500 cm-' showing the rising 
background due to the E(0) ion-pair state, with the b6 and b6' Rydberg states to lower energy magnified by a factor 
of 80. 
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Table 4.2.2. 
Positions of the 'dips' observed in the 58000-62500 cm- 1 region of the 
room temperature REMPI spectrum, and the corresponding 
assignment of vibrational levels of the b6' Rydberg state. Estimated 
error in measured positions is ±2 cm-1. 
1)/cm- 1 5/cm-' vib. level 
345.285 57923 - 7 
343.693 58191 288 8 
342.001 58479 274 9 
340.410 58753 293 10 
338.718 59046 297 11 
337.033 59341 272 12 
335.497 59613 290 13 
333.873 59903 260 14 
332.430 60163 280 16 
330.890 60443 270 17 
329.418 60713 251 18 
328.009 60974 267 19 
326.579 61241 254 20 
325.230 61495 262 21 
323.850 61757 269 22 
322.445 62026 269 23 
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Figure 4.5. The fluorescence excitation spectrum [15] (upper) and the (2+1) REMPI spectrum (lower) of IBr recorded 
over the range 66800-62300 cm-1. 
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Table 4.2.3. 
Some vibrational levels of the E(0+) state of I79Br and I81Br observed in 
the (2+1) REMPI spectrum. The literature values used are those of 
Lipson et al [22].Estimated error in peak position ±2 cm-1. 
I79Br 	 I81Br 
v' ub/cm -' 6obs1it/cm-1 lJobs/Crn -1 Db-1t/cm - ' 
265 57795 -2 57723 -3 
270 57970 -2 57899 -3 
275 58180 -4 58072 - 
280 58308 -5 58242 - 
285 58478 0 58407 -1 
290 58640 -1 58570 0 
295 58800 0 58727 - 
300 58954 -2 58884 -1 
305 59108 0 59038 - 
310 59258 0 59189 0 
315 59404 -2 59336 0 
320 59550 0 59482 - 
325 - - 59623 0 
330 - - - - 
335 59968 +1 - - 
340 60103 +1 60034 0 
345 60238 - 60165 0 
350 60364 +1 60298 +3 
355 60489 - 60422 - 
360 60618 -2 - - 
365 60712 - 60671 +1 
370 60855 - 60788 -3 
375 60890 - 60905 -4 
380 61089 -3 61023 -3 
385 - - 61142 - 








Two—Photon Energy /cm 
Figure 4.6. The (2+1) REMPI spectrum of IBr recorded over the range 59700-55500 cm-1 in a free jet expansion. The 
insert shows the progressions from both isotopomers of the E(0+) ion-pair state. The unassigned peaks in the insert 
are due to the f(0+) ion-pair state. 
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believed to be vibrational levels of the f(0+) ion-pair state from the 
second tier. As the levels of the second tier are lower down the 
vibrational manifold, in this region, the spacings are considerably 
larger than those of the E(0+) state. No vibrational or rotational data is 
available for the f(0+) state beyond v'= 30 [13], so no absolute vibrational 
assignment was possible for the levels given in Table 4.2.4. Figure 4.6 
shows a detailed assignment of some vibrational levels of the E(0+) 
state, interspersed by levels of the f(0'-) state. 
Some questions still remain. Why do we see such 
extensive ion-pair structure in the REMPI spectra of the heteronuclear 
halogens but not the homonuclear halogens ? Why do we only see 
two of the ion-pair states of Mr, when in principle five from the two 
lowest tiers are accessible in this energetic regime? 
A major factor to consider when studying such 
states is the electronic configurations that are involved. Using the 
conventions discussed in Chapter I, the E(0+) state of IBr (and ICI) has 
the 1441 electronic configuration. The analogous state of 12 and Br2, the 
D(0+) state, which is designated ungerade is clearly inaccessible from 
the gerade ground state, in a two-photon transition. Similarly any 
other states designated ungerade are inaccessible via a two-photon 
process for the homonuclear case. Figure 4.7 shows allowable two-
photon/electron transitions from the 2440 ground state of the 
halogens. Those marked with an asterisk are allowed in both the homo-
and heteronuclear cases. 
In the sequence shown in Figure 4.7 the 
intermediate state may or may not be real. This still leaves the 1432 / 
2422, 0442 and 2242 configurations as allowable for both cases. So why 
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Table 4.2.4. 
Unassigned vibrational levels of the f(0+) state of I 79Br and I81Br. 
Estimated error in peak position is ±2 cm-1. 
I79Br 	 181 Br 
1)ob/cm -1 Mobs/cm- 1 'Dobs/cm -1 	AD0b/cm-1 
62507 43 62538 44 
62550 43 62582 42 
62593 39 62624 42 
62632 42 62648 35 
62674 40 62683 40 
62714 39 62723 44 
62753 - 62767 - 
Chapter IV 	 * - 
2440 
/\ 
2431 	2341 	1441 
if 
1432* 1342 0442* 
2332 2242* 1342 
2422* 2332 1432* 




Figure 4.7. The sequence shown indicates possible routes to excited 
states in two-photon transitions. The routes shown are via real 
intermediate states with those accessible for homo- and heteronuclear 
halogens marked by an asterisk. 
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do we not see a REMPI spectrum associated with either of these ion-
pair configurations? If these configurations were rapidly predissociated 
by a repulsive state, high on the inner wall of the potential, it may 
account for their absent. By virtue of observing some vibrational levels 
of the b6' (see section 4.2.2), which is predissociated, the interaction 
between the repulsive states and the 1432, 2242, 2422 and 0224 
configurations would have to be very strong to account for their 
complete absence. The results presented here however cannot confirm 
or refute this hypothesis. 
The ionization step itself may play an important part 
in deciding which states are observed. Energetically the lowest states of 
the ion of IBr (two spin-orbit partners) have the 2430 electronic 
configuration, and are known as the X-states [2]. In the energetic regime 
studied here these states are readily accessible. To ionize directly out of 
a Rydberg state should be a facile process, as the dominant 
configuration is 2430+nlRd. This would involve simply removal of the 
Rydberg electron. To ionize out of any of the ion-pair states, and to 
terminate on the X-states presents more of a problem. This would 
require some degree of mixing between the Rydberg and ion-pair states, 
or a rearrangement of the electrons within the ion-pair configuration. 
Ionization out of the ion-pair states to an excited state of the ion (eg. 
1441 to 1440 + e) is an alternative process, although in this energetic 
regime it would require several more photons, and accordingly be less 
likely. This may partly explain why the Rydberg states are easy to ionize 
(and hence are readily observed in REMPI spectra) but is little help in 
explaining why only two ion-pair states are seen in the (2+1) REMPI 
spectra of IBr and ICI. Double resonance studies of ICI [37] have shown 
that ionization from all ion-pair states studied is equally efficient. 
Accordingly the answer possibly lies in the two-photon step. 
Rb 
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4.2.4. Rydberg States Above 62000 cm-1. 
To higher energy (62000-64000 cm- 1 ) several very 
intense bands were observed in the LP room temperature REMPI 
spectrum. However, the intensity distribution of the bands changed 
dramatically in CP light - most notably the band at —62640 cm-1 (see 
Figure 4.8). The jet cooled REMPI was only recorded using LP light and 
offered little additional information in relation to these bands. Both 
the intensity of the bands and the separation between them suggested 
that they possess, at least in part, Rydberg character. The dramatic 
change in intensity using light of different polarizations is similar to 
that observed with 12 [25]. 
There appear to be at least three Rydberg states in 
this region. The largest feature, around 62650 cm- 1, has two closely-
spaced components, one of which loses its intensity in CP light. These 
components can just be resolved at the v'= 1 and v= 2 levels. A third 
progression which also loses most of its intensity with circularly 
polarized light has its origin at 62843 cm-1. Further progressions may lie 
in the structure above 63300 cm-1. The band positions are given in 
Table 4.2.5, and the origins all have quantum defects associated with a 
[2n3,2]5d assignment. These 5d states lie in an analogous region to 
those observed in 12 [25] and Br2 [26]. Bray et al [25] predicted that the 
polarization ratio, on changing from LP to CP, (au/cycc) is precisely two-
thirds for all branches except the Q-branch of a Af1=0 transition. In this 
case the intensity is J dependant and can range from infinity (ie. no 
intensity in CP) to 4:1. This suggests that the bands that lose their 
intensity in CF (origins at 62640 and 62843 cm-1) may be dominated by 
the Q-branch and have n=0+. If c=0+ then this allows for homogeneous 
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Figure 4.8. The (2+1) REMPI spectrum of IBr recorded over the range 64000-62000 cm-1, in both CF (dashed) and LP 
solid) showing three progression of [2n3]c5d Rydberg states. 
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Table 4.2.5. 
Proposed vibrational progressions of the [ 2r13,21c5d Rydberg states 
observed in the 62000-64000 cm-1 region. The estimated error in peak 
positions is ±2 an-1. 
Assignment iSobs /cm-1 
0,0 1,0 	2,0 
[2fl3]c5d 0+ 62640 62940 	63230 
[21-13]5d: 1,2 62652 62959 	63237 
[2113a]c5d :0+ 62843 63116 
Ell 
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pair states. This interaction may account for the irregular vibrational 
spacings of the Rydberg states and the anomalously high intensity of 
the bands in LP. In the REMPI studies of 12 [25] and Br2 [26] the intensity 
of the nd systems was found to be considerably less than any of the ns 
systems and so, if the assignment of the bands as 5d components is 
correct, a mechanism such as intensity stealing, by the Rydberg states 
from the ion-pair states may account for this anomaly. Compared to 
other mixed Rydberg/ion-pair states, the 5d Rydberg states do not 
appear to be predissociated, or at least not as rapidly as say the b6 or the 
a6 states. This may be another factor that contributes to the anomalous 
intensity. 
Above approximately 64000 cm-1 the background 
was seen to rise considerably with several molecular Rydberg states 
built upon the background (see Figure 4.2). The band positions of all 
observed Rydberg states is given in Table 4.2.6., while the assignment of 
the states, based on the quantum defects of the origins and the 
polarization ratio, is given in Table 4.2.7. Many atomic iodine lines 
were observed in this region and may be due to absorption to a 
continuous band at the one photon level. Seery et al [34] measured the 
extinction coefficients (F-) for absorption of IBr in the 220-600 nm region 
which demonstrates that the REMPI process may be in competition 
with a dissociative process at the one photon level. It would be 
informative to study this region using both jet cooling and mass 
detection to ascertain if the background is due to absorption to ion-pair 
states of the higher tiers or to non-resonant ionization of the atomic 
iodine produced by a dissociative first step. 
4.3 Conclusion. 
Whereas the (2+1) REMPI of the homonuclear 




Band positions of all peaks that have been assigned as Rydberg states. 
Also shown is the value of (n-, the effective quantum number used 


















































Assignment of the origins for each of the Rydberg states from the (2+1) 
REMPI spectrum of IBr. Estimated error in peak position is ±2c rn-1. 
liobs/cm4 6 Assignment 
0,0 [21`13a] [2111,2]c 
55806 2.18 1.99 [211h/2]c6s: 0 
56379 2.20 2.01 [21­11/2]6s: I 
62640 2.59 2.28 [2fl312] c5d: 1 
62652 2.59 2.28 [21`13/2]c5d: 0, 2 
62843 2.61 2.29 [2r/405d: 1 
64086 2.72 2.37 [2rht]5d 
66267 2.94 2.52 [2113/2]c75: 1 
67207 3.00 2.56 [2Hia]5d 
67685 3.12 2.63 [2fl1/2]5d 
68762 3.28 2.72 [2flia]5d 
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spectrum of IBr (and ICI) is dominated by ion-pair structure. This 
difference between the two types of halogens can be attributed to the 
electronic configurations of the states involved. Jet cooling revealed 
that the E(O+) and the f(0) states of Mr. Only two 0 states of IBr have 
been observed in the REMPI spectrum which may be due to rapid 
predissociation of the other accessible electronic configurations. 
Some new Rydberg states were observed, most 
notably the b6' state, which acts as a 'doorway' state for the 
predissociation of the E(O+) ion-pair state. Polarization studies once 
again showed dramatic changes in intensity distributions of band 
systems. This has proved useful in assigning the symmetry of some of 
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Appendix A 	 - 
The rotational contours shown in Figure 3.7 were 
generated using a programme written by J.L. Sanchez, called VIBROT, 
in turbo-BASIC for use on an IBM PC. Some modifications were made 
to the source code to exclude isotope effects as these are not important 
with 12. Using the lines shown below the intensity of each rotational 
line was calculated, for 0, P, Q, R and S-branches of transitions with 
= 0, ±1 and ±2. A Gausian curve was then fitted to each of the 
rotational lines, with a FWHM of +0.2 cm-1. 
DELTAO 
CALCULATES LINE STRENGTHS FOR DELTA OMEGA=0 P&R BRANCHES ARE 
SET TO 0.0 FOR J=JLOW TO HIGH 
g=1.0 
G=(2.OxJ+1 .0) 
C THE DEGENERACY FACTOR IN ROTATIONAL POPULATION 
JJ=Jx(J+1) 
ExPJ=ExP(-B(1 )xJJxBF) 
C THE BOLTZAMNN FACTOR IN ROTATIONAL POPULATION 
IF (J>1) THEN 
• 	OHL=Jx(J-I .0)/(30.Ox(2.OxJ-I .0)): REM BY ZARE 




QHL=faxox((2xj-1 )/9+0.25x((2.Oxj+1)x(jx(j+1)))/(45x(2xj-I )x(2xj+3))): REM BY ZARE 
qhl=(2x(j+1)x(j-1 )xj)/(3x(2xj+3)x(2xj-1))+(5/6)x FACO: REM BY DALBY 
SHL=((J+1)x(J+2))/(30x(2xJ+3)) : REM BY ZARE 
shl=(j+1)x(j+2)/(2xj+3); REM BY DALBY 
RHL =0 
PHL =0 
PP = (1+CPxJx(J+1)) 
PP + FPxFP 
01(J) = OHLxGxEXPJ/FP 
P1(J) = PHLxGxEXPJ/FP 
QI(J) = QHLxGxEXPJ/FP 
R1(J) = RHLxGxEXPJ/FP 




FOR J = JLOW TO JHIGH 
G=I 
JJ = Jx(J+1) 
EXPJ = EXP(-B(1)xJJxBF) 
IF (J<3) THEN 
Appendix A 
OHL = 0.0 
ELSE 
OHL = (Jx(J-2)/(15.0x(2.OxJ-1))) 
END IF 
IF (.1<2) THEN 
PHL = 0.0 
ELSE 
PHL = (J+10/30) 
END IF 
IF (J<1) THEN 
QHL = 0.0 
ELSE 
QHL = (2.0xJ+1 )/(10.Ox(Jx2.0-1 .0)x(2.0xJ±.0)) 
END IF 
RHL = J/30.0 
SHL = ((J+1 .0)x(J+3.0))/(15.Ox(2.OxJ+3.0)) 
fp = (1+CPxJx(J+1)) 
FP= FPxFP 
01(J) = OHLxGxEXPJ/FP 
P1(J) = PHLxGxEXPJ/FP 
QI(J) = QHLxGxEXPJ/FP 
RI(j) = RHLxGxEXPJ/FP 




FOR J = JLOW TO JHIGH 
G=1 
JJ = Jx(J-i-1) 
EXPJ = EXP(-B(1)xJJxBF) 
IF (J<4) THEN 
OHL = 0.0 
ELSE 
OHL = (J-2.0)x(J-3.0)/(30.0x(2.OxJ-1.0)) 
END IF 
IF (J<3) THEN 
PHL = 0.0 
ELSE 
PHL = (J-2.0)/15.0 
END IF 
IF (J<2) THEN 
QHL = 0.0 
ELSE 
QHL = (J-1 .0)x(J+2.0)x(2.OxJ+1 )/(5.Ox(2.OxJ-1 .0)x(2.OxJ+3.0)) 
END IF 
IF (J =0) THEN RFIL = 0.0 
IF (J>=1) THEN RHL = (J+3.0)115.0 
SHL = ((J+3.0)x(J+4.0))/(30.0x(2.OxJ+3.0)) 
fp = (1+CPxJx(J+1)) 
FP= FPxFP 
01(J) = OHLxGxEXPJ/FP 
P1(J) = PHLxGxEXPJ/FP 
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QI(J) = QHLxGxEXI'J/FP 
RI(J) = R1-ILxGxEXPJ/F? 
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